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Although a number of recent studies have suggested that the function of the hepatitis C virus (HCV) core protein may be
both to package the viral genome and to modulate host cellular processes, little is known of the structure of the core protein
necessary to accomplish these functions. Using in vitro assembled particles that mimic essential features of native HCV
nucleocapsids, we report the earliest structural information of the HCV core protein and its nucleocapsid. The core protein
is proteinase-resistant when assembled into nucleocapsid-like particles or complexed with nucleic acid in vitro. In contrast,
the highly basic amino terminus of the free core protein is sensitive to proteolytic digestion. The hydrophobic carboxyl-
terminal region of the core protein stabilizes the structure of the free core protein but is not required to stabilize core protein
assembled into nucleocapsid-like particles or complexed to nucleic acid. Significantly, the carboxyl-terminal region is
sufficient, but not necessary, to fold the core protein into a stable structure. These data are consistent with a model of a
partially flexible HCV core protein that undergoes extensive conformational changes upon binding to nucleic acid andIntroduction. Although hepatitis C virus (HCV) infection
has emerged as a major cause of chronic hepatitis and
cirrhosis (see 1 and references therein), little is known
about the structure of the virus and its component struc-
tural proteins. HCV contains an 9.6-kb single-stranded,
positive-sense RNA genome that encodes seven non-
structural proteins and core, E1 and E2 structural pro-
teins (2, 3). Immunogenic virus-like particles, with 30- to
80-nm diameters, have been detected in HCV infectious
sera, and in mammalian, insect, and yeast cell culture
systems expressing recombinant structural proteins (4–
8). Nonenveloped nucleocapsids have been detected in
the plasma of HCV-infected individuals; these particles
have physiochemical, morphological, and antigenic
properties similar to nucleocapsids isolated from deter-
gent-treated HCV (9, 10). Unfortunately, particle counts in
these systems are currently too low for definitive struc-
tural analysis, and no cell culture system exists to pro-
duce large quantities of HCV. In addition, the detailed
function of the HCV structural proteins is unknown. A
number of studies have suggested that the core protein
may both package the viral genome (9) and modulate
host cellular processes (see 11 and references therein).239However, the structure of the core protein necessary to
accomplish these diverse functions is unknown.
To study the structure and function of HCV core pro-
tein, we developed a bacterial expression system to
generate recombinant core protein. Purified recombinant
core protein and defined structured oligonucleotides
were sufficient for self-assembly of nucleocapsid-like
particles in vitro (12). These particles had a regular,
spherical morphology and were heterogeneous in size
with a modal distribution of diameters of 60 nm. Sig-
nificantly, the N-terminal 124 residues of the core protein
were sufficient to support self-assembly of nucleocap-
sid-like particles (12). Moreover, in vitro assembled nu-
cleocapsid-like particles were essentially identical in
morphology, size, and requirement for RNA (no empty
protein shells were formed) to nucleocapsid particles
isolated from HCV-infected individuals (9). Thus, recom-
binant core protein offers a means to systematically
investigate the structure and function of the HCV core
protein and self-assembled nucleocapsids.
In this paper, we provide the first analysis of the
structure and stability of HCV core protein and in vitro
assembled nucleocapsid-like particles, determined by
limited proteolysis and ribonuclease (RNase) digestion.
The amino terminus of the core protein was proteinase-
sensitive, and its carboxyl-terminal region was neces-assembling into nucleocapsid particles. In addition, the sus
that RNA–core interactions may stabilize HCV nucleocapsi
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into nucleocapsid-like particles, was proteinase-resis-
tant. The carboxyl-terminal region was not required to
stabilize the core protein when core protein bound to
nucleic acid. These results implied that extensive con-
formational changes occurred within the HCV core pro-
tein upon binding to nucleic acid and assembling into
nucleocapsid-like particles. Although these particles
were proteinase-resistant, they were RNase sensitive,
indicating that core–RNA interactions may be critical for
nucleocapsid stability.
Results. The structure and conformational stability of
the HCV core protein was investigated using two con-
structs (Fig. 1). HCVC 179 (residues 1–179) corresponded
to the putative mature core protein, which would be
generated in vivo by posttranslational processing of the
HCV polyprotein. HCVC 124 (residues 1–124) corre-
sponded to the highly basic amino-terminal region of the
core protein and contained the likely RNA-binding re-
gion(s). Both proteins were expressed in bacteria, puri-
fied to homogeneity, and capable of self-assembling into
nucleocapsid-like particles in vitro, as described previ-
ously (12).
The Amino Terminus of Free HCV Core Protein Was
Proteinase-Sensitive but Gained Proteinase-Resistance
in Nucleocapsid-Like Particles. Analysis of the mature
core protein sequence showed approximately 24 sites
where chymotrypsin cleavage could occur. A similar
number of potential trypsin cleavage sites were also
found (Fig. 1). These cleavage sites were distributed
throughout the primary sequence, with a 12-residue seg-
ment being the longest span without a potential protein-
ase cleavage site. Thus, chymotrypsin and trypsin pro-
teinases could be used to delineate core protein domain
boundaries and flexible loops with high resolution.
Chymotrypsin digestion of free HCVC 179 resulted in
formation of a proteinase-resistant fragment of 16 kDa
(termed HCVC N-36), which appeared immediately and
persisted for more than 60 min (Fig. 2, top left). N-
terminal sequencing showed that this protein began at
leucine 36 (S. Smith, personal communication), consis-
tent with a chymotrypsin cleavage site C-terminal to
tyrosine 35. MALDI-TOF mass spectroscopy analysis of a
tryptic digest of the excised HCVC N-36 band indicated
that the minimum extent of HCVC N-36 included residues
36–158 (A. Haag, personal communication). This size is
consistent with the number of residues expected for a
HCV core polyprotein that migrated at 16 kDa on a
denaturing polyacrylamide gel, as observed by the ab-
errant electrophoretic mobility of HCVC 124. It is possible
that a small tryptic peptide may be unobserved by
MALDI-TOF, and thus the HCVC N-36 polyprotein might
extend further than residue 158.
The stability of HCVC N-36 implied the sequence from
residue 36 to residue 158 formed a tightly folded domain.
Due to their small size, the complementary cleaved pep-
tides, spanning residues 1–35 and 159–179, were not
detected in the polyacrylamide gels used to analyze the
FIG. 1. Hepatitis C virus core protein. Shown at the top is a map of the major functional regions of the HCV core protein from residues 1 to 191.
The RNA binding region has been mapped to the N-terminal 75 residues (18) and may involve one or both highly conserved basic sequences
spanning residues 6–23 and 39–74 (19). Homotypic interaction of the core protein has been reported to involve residues 36–91 and 82–102 and is likely
centered on the tryptophan-rich sequence between residues 76 and 113 (20, 21). The C-terminus of the core protein, residues 151 to 173, has been
reported to interact with the HCV E1 protein (22). The E1 signalase sequence (represented by the striped box) has been reported to begin somewhere
between residues 172 and 182 (23–26). A minimum region that can sustain in vitro assembly, residues 1–124, and the element responsible for
conformational stability in the mature core protein, residues 125–179, are shown below the map. Filled triangles () were used to mark the sites of
the highly flexible regions around residues 35–36 and 158–159. Beneath the map are shown the potential trypsin and chymotrypsin cleavage sites
of the mature core protein (residues 1–179). A line ending in a filled diamond () represents a trypsin site (R1  R, K and R2  P), and a line ending
in a filled circle (F) represents a chymotrypsin site (R1  F, Y, W, L and R2  P).
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chymotrypsin digests. However, mass spectroscopy
analysis of the HCVC 179 digest detected a fragment of
3.8 kDa, which is consistent with a peptide of residues
1–35 (A. Haag, personal communication). The stability of
the region bounded by residues 1–35 was also con-
firmed by trypsin digestion of HCVC 179. Five potential
trypsin cleavage sites occur between residues 1 and 35
(Fig. 1), but no major cleavage products accumulated
during tryptic digestion of HCVC 179 (Fig. 2, bottom).
Thus, the amino terminus of the core protein likely
adopted a conformationally stable structure, with resi-
dues 35–36 part of a highly flexible loop. An additional
proteolytic product of weak intensity appeared after 30
min (Fig. 2, bottom) and was likely a secondary cleavage
of HCVC N-36.
The stability of core protein in self-assembled nucle-
ocapsid-like particles was examined by chymotrypsin
and trypsin digestion experiments. Nucleocapsid-like
particles were assembled using a 5:1 molar ratio of
HCVC 179 (0.5 g/l) and tRNA (0.1 g/l). The tRNA
template supports in vitro assembly of nucleocapsid-like
particles identical to those assembled with viral RNAs
(12) and was used in these experiments for its ready
availability in a pure and highly concentrated state. Su-
crose gradient analysis indicated no discernible free
protein remained in solution following in vitro assembly
reactions (data not shown). When assembled into nucle-
ocapsid-like particles, HCVC 179 was chymotrypsin-re-
sistant, with only a minor amount of HCVC N-36 cleavage
product observed in these reactions (Fig. 2, top right).
These results were in contrast to chymotrypsin cleavage
of free HCVC 179, in which the HCVC N-36 cleavage
product rapidly appeared and accumulated during the 60
min. These results suggested that conformational
changes occurred within HCVC 179 upon assembly into
nucleocapsid-like particles, and these changes shielded
the backbone bond between residues 35–36 from chy-
motrypsin attack. Similarly, assembled HCVC 179 was
observed to be more resistant to trypsin digestion than
free HCVC 179. This was shown by the increased inten-
sity and duration of the band of undigested HCVC 179 in
assembled particles compared to that of free core pro-
tein (Fig. 2, bottom).
To gain additional insights into the structure and sta-
bility of the core protein, proteolytic cleavage experi-
ments were performed with the highly basic (pI  12)
amino-terminal region of the core protein (HCVC 124). In
contrast to HCVC 179, free HCVC 124 was rapidly di-
gested by chymotrypsin (Fig. 3) and trypsin (data not
shown), and complete digestion occurred between 15
and 30 min. No protected domains were observed, which
suggested that HCVC 124 lacked stable secondary struc-
ture and tightly folded tertiary structure. These conclu-
sions were consistent with previous secondary structure
predictions, which indicated that HCVC 124 was largely
composed of random coil structure (12). The increased
proteolytic resistance of HCVC 179 relative to HCVC 124
implied that the hydrophobic carboxyl-terminal residues
(amino acids 125–179) are essential for folding and sta-
bility of the core protein.
HCVC 124 nucleocapsid-like particles were assem-
bled using a 5:1 molar ratio of HCVC 124 (0.5 mg/ml) to
tRNA (0.14 mg/ml). Digest conditions were similar to
those used to digest free HCVC 124. Based on sucrose
gradient analysis, 50% of HCVC 124 remained free in
solution (not incorporated into particles) following as-
sembly reactions (data not shown). Therefore, proteolytic
digestion patterns of assembled particles of HCVC 124
FIG. 2. Limited proteolysis of free HCVC 179 and assembled HCVC 179 as analyzed on 16% denaturing polyacrylamide gels. Time points in minutes
are marked across the top of each gel. Major protein cleavage products are marked with arrows. The digests of free HCVC 179 are shown on the
left, and digests of HCVC 179 assembled into nucleocapsid-like particles are shown on the right.
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were carefully examined to distinguish between the di-
gestion of free protein and of assembled protein. Fortu-
nately, clearly discernible differences were observed be-
tween the cleavage pattern of unassembled protein and
the cleavage pattern of assembled particles, which made
interpretation of these experiments unambiguous (Fig.
3). When assembled in nucleocapsid-like particles,
HCVC 124 was largely resistant to cleavage by chymo-
trypsin (Fig. 3). Due to the large number of chymotrypsin
sites in HCVC 124, it is unlikely that this observed pro-
teinase resistance was merely a result of the shielding of
previously accessible surfaces through the protein–pro-
tein interactions in assembled particles. Instead, the
proteinase-resistance of assembled HCVC 124 sug-
gested that the core protein acquired secondary struc-
ture and increased stability upon assembly into particles.
Binding to Nucleic Acid Was Sufficient to Induce Con-
formational Stability in the Core Protein. HCVC 124 com-
plexed to nucleic acid was examined to determine
whether the increased stability of core protein observed
in assembled particles was due to assembly into parti-
cles or to interaction with the RNA. Proteolytic digestion
was carried out on complexes of core protein and het-
erologous nucleic acids, in which binding of core protein
to RNA occurred but nucleocapsid-like particles were not
formed.
As shown previously, core protein and unfolded tRNA
(UtRNA) do not self-assemble into nucleocapsid-like par-
ticles (12). HCVC 124 (1.3 g/l) was incubated with
UtRNA (0.6 g/l), and binding of HCVC 124 to UtRNA
was confirmed by RNA gel mobility shifts, UV spectrom-
etry measurements, and velocity sedimentation (data not
shown). Since some aggregation of the core protein
upon binding to nucleic acid had been observed in our
laboratory and reported by other groups (13–15), centrif-
ugation was used to remove aggregated protein to un-
ambiguously distinguish proteolytic protection of core
protein induced by binding to RNA from that induced by
nonspecific aggregation. Following centrifugation, the
HCVC 124:UtRNA complex was digested with chymotryp-
sin (Fig. 3). Interestingly, this complex was resistant to
chymotrypsin digestion for over 30 min, while free HCVC
124 was completely digested by chymotrypsin during the
same interval (Fig. 3). In contrast, HCVC 124 assembled
into nucleocapsid-like particles and incubated with chy-
motrypsin under similar conditions was resistant to
cleavage for over 60 min. Thus, free HCVC 124 gained
both structure and conformational stability when com-
plexed with unfolded tRNA, and additional conformation
changes likely occurred upon assembly into nucleocap-
sid particles.
Other nucleic acids were tested for their ability to bind
core protein and induce structure and conformational
stability. Folded tRNA was examined at molar ratios of
protein to nucleic acid that did not support assembly (12).
5UTR IIId (R. Rijnbrand and S. M. Lemon, unpublished
data), a stem-loop in the 5UTR region of the HCV, ge-
nome was also tested. 5UTR IIId did not support in vitro
assembly of core protein but has been reported to bind
core protein with greater affinity than any other region in
the HCV genome (15). HCVC 124 bound both these RNA
molecules (as determined by RNA gel mobility shift anal-
ysis), and in these complexes the core protein was re-
sistant to proteolytic digestion (data not shown).
RNase, but Not Proteinase, Disrupted Nucleocapsid-
Like Particles. To determine whether proteinases could
disrupt in vitro assembled nucleocapsid-like particles,
these particles (assembled from 200 g/ml HCVC 124
and 30 g/ml tRNA) were digested with trypsin under
conditions sufficient to completely digest unassembled
HCVC 124. Nucleocapsid-like particles were observed
after trypsin treatment; these particles were similar in
size, morphology, and number to particles that were not
incubated with trypsin. The large number of possible
trypsin cut sites in the core protein implies that the
inability of the proteinase to disrupt the nucleocapsid-
like particles was not due to a lack of exposed sites but
rather due to a lack of conformational flexibility in the
core protein upon assembly into particles.
Nucleocapsid-like particles were also subjected to
RNase digestion to determine whether the encapsidated
RNA was protected upon assembly, either by binding to
core protein or by adopting a highly compact structure.
No nucleocapsid-like particles were observed after
FIG. 3. Proteolytic digestion patterns of HCVC 124 core protein as analyzed on 16% denaturing polyacrylamide gels. Time points in minutes are
marked across the top of each gel. The chymotrypsin digest of free HCVC 124 is on the far left, and the chymotrypsin digest of HCVC 124 assembled
into nucleocapsid-like particles is shown in the middle. The gel on the right shows the digestion pattern of HCVC 124 when complexed to unfolded
tRNA (UtRNA).
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RNase treatment; samples on these electron microscopy
grids resembled control grids prepared with only HCVC
124. Nucleocapsid-like particles assembled from HCVC
179 were also sensitive to RNase treatment. The obser-
vation that assembled particles were RNase-sensitive
implied that nucleic acid within HCV nucleocapsid-like
particles was accessible to RNase and not encapsidated
within an impenetrable shell of core protein.
Discussion. These results provide the first evidence
that the majority of the HCV core protein folds into a
stable single domain, which can undergo conformational
changes during binding to RNA and assembly into nu-
cleocapsid-like particles. In the uncomplexed, unas-
sembled state, mature core protein HCVC 179 is partially
stable under the conditions tested, with a highly flexible
region around 35 and 36 and a stable domain extending
from residue 36 to approximately residue 158. Uncom-
plexed, unassembled HCVC 124 is highly sensitive to
proteinase digestion, indicating that some or all of the
carboxyl-terminal 55 residues are necessary to stabilize
the structure of free core protein. Core protein, either
assembled into nucleocapsid-like particles or com-
plexed with RNA, adopts a stable proteinase-resistant
conformation. The core protein conformational changes
that accompany RNA binding do not require the C-termi-
nal 55 residues, although these residues are important
for folding the uncomplexed core protein. Thus, the hy-
drophobic carboxyl-terminal region is sufficient, but not
necessary, for the core protein to fold into a stable
structure. Additionally, HCV nucleocapsid-like particles
are proteinase-resistant but RNase-sensitive, indicating
that RNA–core interactions may be critical for the stabil-
ity of HCV nucleocapsids.
A similar structural organization has been reported for
Sindbis virus capsid protein. Free Sindbis capsid protein
is partially unstructured, with an N-terminus that is sen-
sitive to trypsin cleavage (16). However, the Sindbis virus
capsid protein is resistant to trypsin attack within deter-
gent-extracted nucleocapsids. Moreover, these nucleo-
capsids are sensitive to RNase (17).
The conformational changes described here may play
an important role in the stability and persistence of the
core protein in the viral “life” cycle. Binding of core pro-
tein to RNA may protect the core protein from degrada-
tion by cellular proteinases prior to assembly into nu-
cleocapsids. This information is important to bear in
mind when studying the interactions of the core protein
with host cellular factors; the presence of RNA bound to
the core protein may be influencing reported interactions
and should not be overlooked. In addition, the stability
imposed by core protein interaction with RNA in the
nucleocapsid may protect the circulating nonenveloped
particles from proteinase attack in the plasma.
These results may also help elucidate some of the
molecular events necessary for HCV nucleocapsid as-
sembly (Fig. 4). Structural differences in the core protein
when complexed to either structured or unstructured
RNA may regulate assembly, and the core protein may
undergo additional conformational changes as it assem-
bles into nucleocapsids. Alternatively, assembly may be
regulated by vRNA, which provides either a currently
unknown encapsidation sequence or a minimum length
polyanionic backbone to aid in condensing and stabiliz-
ing the core protein. Finally, significant core–RNA inter-
actions may be necessary to assemble and stabilize
nucleocapsids, since small structured RNA molecules,
such as IIIc (10 nt) and IIId (27 nt) of the HCV 5UTR, are
not sufficient to promote assembly (12), and core–core
interactions are not sufficient to stabilize nucleocapsids.
Materials and Methods. Expression and purification of
HCV core protein. cDNA encoding residues 1–124 and
1–179 of HCV 1a core protein were cloned into pET-30
vectors and expressed in Escherichia coli. The proteins
were purified using weak cation exchange and reversed-
phase HPLC (12).
Assembly of Nucleocapsid-Like Particles. Core protein
and tRNA (Roche) were incubated at molar ratios of 5:1
protein to nucleic acid in 25 mM HEPES pH 7.4, 1.7 mM
Mg-acetate, 100 mM K-acetate for 10 min at 30°C, fol-
lowed by incubation for 15 min on ice (12).
FIG. 4. Conformational change and assembly of HCV core protein.
Shown here is a schematic depiction of the partially flexible, free HCV
core protein (top), which undergoes conformational changes to stable,
proteolytically resistant states through two pathways. Pathway I: core
protein binds to nucleic acid that does not support assembly of a
nucleocapsid particle and undergoes conformational changes to a
more stable structure. Pathway II: core protein binds to structured RNA
and undergoes conformational changes to a more stable structure.
This intermediate may then undergo additional conformational
changes upon assembly into nucleocapsid particles along pathway III.
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Limited Proteolysis. Free HCVC 179 (0.5 mg/ml) and
assembled HCVC 179 (0.5 mg/ml) were separately incu-
bated with 10 g/ml trypsin (Pierce) in digest buffer (50
mM Tris pH 8.0, 20 mM CaCl2) at 4°C. Aliquots were
removed at fixed intervals between 1 and 60 min, and
reactions were quenched with 0.2 g/l trypsin inhibitor
(Pierce) and boiled in 0.1% (w/v) sodium dodecyl sulfate
(SDS). Chymotrypsin (Boehringer Mannheim) digestions
of free and assembled HCVC 124 (0.5 mg/ml), and free
and assembled HCVC 179, were carried out in digest
buffer (50 mM Tris pH 8.0) under similar conditions.
Aliquots were removed at fixed intervals between 1 and
60 min, and reactions were quenched by boiling in 0.1%
(w/v) SDS. Proteolytic digestion of the core protein was
monitored with Coomassie blue-stained polyacrylamide
gels run under denaturing conditions. Nucleocapsid-like
particles were also assembled from 200 g/ml HCVC
124 and 30 g/ml tRNA and were digested with trypsin in
a 100:1 (w/w) protein-to-enzyme ratio for 10 min at room
temperature. The proteolytic digestion of the nucleocap-
sid-like particles was immediately monitored by electron
microscopy.
Complexes of core protein and nucleic acid (after a
16,000 g spin at 4°C for 15 min as described below) were
digested with chymotrypsin in a 50:1 (w/w) protein-to-
enzyme ratio for 1, 30, and 60 min at 4°C. Since some
core protein aggregated during these binding reactions,
the final protein-to-enzyme ratio was likely lower than
50:1 after centrifugation. Tests with Universal protease
substrate (Boehringer Mannheim) indicated that chymo-
trypsin and trypsin activities were unaffected by assem-
bly buffer, core protein, or tRNA.
Nucleic Acid Binding. To disrupt its secondary and
tertiary structure, tRNA was heated at 95°C for 5 min in
100 mM EDTA, followed by quenching on ice for 10 min.
A 4:1 molar ratio of HCVC 124 to unfolded tRNA was
incubated in 25 mM HEPES pH 7.4, 1.7 mM Mg-acetate,
100 mM K-acetate for 10 min at 30°C, followed by 15 min
on ice. The sample was then centrifuged at 16,000 g for
15 min at 4°C. RNA was visualized by ethidium bromide
staining in a 2% agarose gel (0.5 TAE buffer).
RNase Digestion. Nucleocapsid-like particles were as-
sembled from 200 g/ml HCVC 124 and 30 g/ml tRNA
and incubated with a 15:1 w/w ratio of RNase A (Sigma)
to tRNA for 10 min at room temperature. Similar condi-
tions were shown to completely digest uncomplexed
tRNA. RNase digestion of nucleocapsid-like particles
was immediately monitored by electron microscopy.
Electron Microscopy. Samples were adsorbed to car-
bon/Formvar copper grids (Electron Microscopy Sci-
ences), stained with 2% uranyl acetate, and visualized by
transmission electron microscopy (12).
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